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The ruthenium-substituted polyoxometallic acid H6[Ru(H2O)FeW11O39]·18H2O was synthesized by stepwise acidification and 
stepwise addition of solutions of the component elements, and an ion-exchange-cooling method. The product was characterized 
using inductively coupled plasma spectrometry (ICP), Infrared Spectroscopy (IR), Ultraviolet Spectroscopy (UV), and X-ray dif-
fraction (XRD). The results show that this complex has the Keggin structure. The determination of the thermal stability and pro-
ton conductivity of this polyoxometallic acid was carried out by a thermogravimetric-differential thermal analysis (TG-DTA) and 
electrochemical impedance spectroscopy (EIS).  
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In recent years, polyoxometallic acids and their salts, which 
have a unique molecular structure and are easy to design 
and assemble, have been widely used as new and efficient 
catalysts, supramolecular materials, magnetic materials, pho-
tochromic materials, electrochromic materials, high-quality 
sub-conductors, selective electrodes, recording materials, 
and in gas equipment, drugs, and fuel cells [1–9]. Com-
plexes containing the precious metal ruthenium have excel-
lent reactivity and selectivity in many catalytic oxidations of 
organic compounds. Ruthenium complexes with anti-tumor 
activity have low toxicity. Few studies have investigated 
polyoxometallic acids and their salts containing ruthenium 
and have only recently attracted much interest [10], There-
fore, research on the synthesis, characterization, properties, 
and applications of new polyoxometallic acids and their 
salts containing ruthenium is a major challenge. We report 
the synthesis, characterization, and properties of the new 
ruthenium-substituted polyoxometallic acid H6Ru(H2O)FeW11-     
O39·18H2O in this paper.  
1  Experimental 
1.1  Instruments and reagents  
The purity of the copper powder was 200 meshes. RuCl3· 
nH2O with Ru ≥ 37% was used，purchased from Xi’an cat-
alyst chemical Co., Ltd. All other reagents were of reagent 
grade，purchased from China medicine (Group) Shanghai 
chemical reagent company. 
IR spectra were recorded on a Nicolet Nexus 470 spec-
trometer (America Thermo Nicolet Company) in the range 
400 – 4000 cm
−1 using KBr pellets. Elemental analyses were 
carried out using an 8410 inductively coupled plasma (ICP) 
spectrometer (Australia Labtam Company). UV spectra were 
measured on a UV-2550 spectrophotometer (Japan Shimadzu 
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Company) in the range 190 – 400 nm. TG-DTA was carried 
out on a STA-409 thermal analyzer (Germany NETZSCH 
Instruments Manufacturing Co., Ltd) in a dynamic nitrogen 
atmosphere with a temperature increase rate of 10°C min−1. 
Impedance measurements were performed on a VMP2 elec-
trochemical impedance analyzer (America Princeton Applied 
Research Company) with copper electrodes over the fre-
quency 0.01 Hz to 99.9 kHz. H6[Ru(H2O)FeW11O39]·18H2O 
was pressed into tablets 10 mm in diameter and 3.74 mm in 
thickness under a pressure of 15 MPa at room temperature 
(22°C) and a relative humidity of 75%. A copper sheet was 
attached to each side of the tablet. The proton conductivity 
was measured using a copper | sample | copper cell.  
1.2  Preparation and processing of raw materials 
(1) Preparation of RuCl3 solution. RuCl3·nH2O (5.46 g) was 
dissolved in water in a 100 mL flask and diluted to the scale 
to give a 0.02 mol L−1 aqueous solution of RuCl3.  
(2) Treatment of cation-exchange resin. The cation-  
exchange resin was washed several times with deionized 
water until the pH value was the same as that of the deio-    
nized water, and then bottled.  
(3) Synthesis of H6[Ru(H2O)FeW11O39]·18H2O. Na2-    
WO4·2H2O (18.1 g; 0.055 mol) was dissolved in 100 mL of 
water and the pH of the solution was adjusted to 6.3 with 
acetic acid. The solution was then heated to boiling and a 
solution of Fe(NO3)3·9H2O (2.02 g; 0.005 mol) in 30 mL  
of hot water was added dropwise with stirring. After 30 min, 
50 mL of a solution of RuCl3·nH2O (1.37 g; 0.005 mol) was 
added dropwise. The pH was readjusted to 5.0 and stirring 
was continued for 1.5 h. After cooling, grayish brown oil 
was obtained by adding absolute ethanol. The oily product 
was extracted three times by the dissolving-cooling method. 
The obtained oil was dissolved in 80 mL of water and the 
solution was passed through an Amberlite IR-120 cation- 
exchange column in H+ form until the pH was less than 1. 
Finally, the solid acid was separated by the cooling method. 
The final yield was about 60.9%, based on W. 
2  Results and discussion 
2.1  Elemental analysis 
Ruthenium, iron, and tungsten were analyzed using ICP 
spectrometry. The water content was determined by ther-
mogravimetry. Found: Ru, 3.18%; Fe, 1.73%; W, 64.36%; 
H2O, 10.69%. Calculated for H6[Ru(H2O)FeW11O39]·18H2O: 
Ru, 3.21%; Fe, 1.77%; W, 64.18%; H2O, 10.85%. 
2.2  IR spectra 
The infrared spectra and crystal structures of the 1:11 series 
of polyoxometallic acids HnM(H2O)W11O39 and the 1:12 
series of Keggin polyoxometallic acids are similar.  
The [M(H2O)XW11O39]
n− anion (Keggin structure) con-
sists of one XO4 tetrahedron surrounded by 4 W3O13 sets 
formed by 3 edge-sharing octahedra. The W3O13 sets are 
linked by oxygen atoms. Thus, there are 4 kinds of oxygen 
atoms in [M(H2O)XW11O39]
n−: 4 X–Oa groups, in which the 
oxygen atoms are connected to a heteroatom (X), 12 W–Ob– 
W oxygen bridges (corner-sharing oxygen bridges between 
different W3O13 sets), 12 W–Oc–W oxygen bridges (edge- 
sharing oxygen bridges within W3O13 sets) and 11 W–Od 
terminal oxygen atoms [11].   
In the IR spectrum of H6[Ru(H2O)FeW11O39]·18H2O 
(Figure 1), there are 4 characteristic bands: 957.53 cm−1, 
vas(W–Od); 879.40 cm
−1, vas(W–Ob–W); 769.47 cm−1, vas(W– 
Oc–W); 503.34 cm
−1, 441.63 cm−1, vas(Fe–Oa) or δ (O–Fe–O) 
[12]. 
Comparing the 4 characteristic bands of the IR spectra of 
H6[Al(H2O)FeW11O39]·14H2O and H6[In(H2O) FeW11O39]· 
10H2O (Table 1) shows that the vas(W–Od) bands of the 3 
acids shift to a lower wavenumber and the vas(W–Oa) bands 
shift to a higher wavenumber as the ionic radius increases 
from AlⅢ (0.05 nm) to RuⅢ (0.077 nm) to InⅢ (0.081 nm). 
In the high wavenumber region, there are two absorption 
peaks at 3448.16 cm−1 (vOH modes) and 1624.80 cm−1 (δOH 
modes) associated with the OH modes (the stretching vibra-
tion v and bending vibration δ ) of the acidic hydroxyls and 
water molecules; the latter absorption peak indicates the 
presence of H3O
+ (Brønsted acid). 
2.3  UV spectrum  
Crystals of the 1:11 series of polyoxometallic acids HnRu-   
 
Figure 1  IR spectrum of the complex. 










Al(H2O)FeW11 962 893 784 474 
In(H2O)FeW11 956.54 883.25 777.18 565.10 
Ru(H2O)FeW11 957.53 879.40 769.47 503.34 
 Xu S X, et al.   Chinese Sci Bull   September (2011) Vol.56 No.25 2681 
(H2O)XW11O39 have two characteristic strong absorption 
bands in the UV region. The higher energy peak and the 
lower energy peak were generated by charge-transfer transi-
tions of the side oxygen atoms, Od→W, and charge-transfer 
transitions of the bridging oxygen, Ob/Oc→W, respectively 
[13].  
In the UV spectrum of the target complex (Figure 2), 
there are two characteristic bands: 200.00 nm, Od→W, and 
262.00 nm, Ob/Oc→W.  
2.4  X-ray powder diffraction 
The X-ray powder diffraction pattern of H6[Ru(H2O)-    
FeW11O39]·18H2O is shown in Figure 3, and X-ray powder 
diffraction data are listed in Table 2. 
In each of the four 2θ ranges, i.e., 7°–10°, 16°–22°, 
25°–30°, and 33°–38°, the patterns were similar to those of 
complexes with the Keggin structure [1]. The X-ray diffrac-
tion data, combined with IR and UV spectra, confirm that 
H6[Ru(H2O)FeW11O39]·18H2O has the Keggin structure 
(Figure 4). 
2.5  Thermal analysis 
Figure 5 shows the thermogram of H6[Ru(H2O)FeW11O39]· 
18H2O in a nitrogen atmosphere. The TG curve shows that  
 
Figure 2  UV spectrum of the complex. 
 
Figure 3  XRD pattern of the complex. 
Table 2  X-ray powder diffraction data for the complex 
2θ (°) d(nm) I/I0 
8.42 1.050 100 
9.22 0.959 71.47 
10.60 0.835 44.71 
17.36 0.511 33.81 
18.80 0.472 32.69 
23.24 0.383 36.36 
25.26 0.352 36.88 
26.86 0.332 50.35 
27.94 0.319 46.30 
29.12 0.307 39.44 
31.08 0.288 41.95 
33.26 0.269 47.71 
34.36 0.261 37.62 
36.24 0.248 32.48 
38.18 0.236 33.04 
 
Figure 4  Schematic diagram of the tripolyoxometallic acid structure. The 
RuⅢ ion, which is in the upper left-hand corner, is depicted as a darker 
sphere with a terminally coordinated H2O molecule. The Fe
III heteroatom 
resides in a central pseudo-tetrahedral hole in the structure and is the dark 
central atom. 
 
Figure 5  Thermogram of the complex. 
the total percentage weight loss was 10.47%, which indi-
cates that each product molecule has 19 molecules of water, 
and that there are three weight-loss steps. The first step is 
the loss of 16 molecules of hydration water, the second step  
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is the loss of two molecules of protonated water, and the 
third step is the loss of one molecule of structural water. 
Thus, the precise molecular formula of the product is 
(H5O2
+)H5[Ru(H2O)FeW11O39]·16H2O. 
In the DTA curve, the exothermic peak of the product at 
422.8°C is clearly smaller than that of H6[Al(H2O)FeW11-    
O39]·4H2O at 470°C, this is related to the respective ionic 
radii of Ru and Al [14].  
2.6  Conductivity   
Electrochemical impedance spectroscopy is a frequency 
domain measurement method which measures the imped-
ance over a very wide frequency range to study electrode 
systems. This is a better method than other conventional 
electrochemical methods because more information can be 
obtained. We recorded the results of complex impedance 
measurements for the polyoxometallic acid (the frequency 
range was 0.01 Hz to 99.9 kHz) at room temperature (Fig-
ure 6). The resistance of the product can be obtained by 
electrochemical impedance spectroscopy analysis of an 
equivalent circuit, and then converting to the corresponding 
conductivity: σ = L /(R × S) (L is thickness, S is cross-sectional 
area) [15]. 
The calculation shows that at room temperature (22°C), 
the conductivity of H6[Ru(H2O)FeW11O39]·18H2O is 4.51 × 
10−3 S/cm, this shows that the product is a solid high-proton 
conductor.  
3  Conclusion    
The ruthenium-substituted polyoxometallic acid H6[Ru(H2O)-    
 
Figure 6  EIS of the complex at 22°C. 
FeW11O39]·18H2O, a new solid high-proton conductor, was 
synthesized for the first time and was characterized. We 
determined the conductivity of H6[Ru(H2O)FeW11O39]·18H2O 
by the electrochemical impedance spectroscopy. It is 4.51 ×  
10−3 S/cm at room temperature(22°C). 
This work was supported by the National Natural Science Foundation of 
China (21071124), the Foundation of Jiangxi Educational Committee 
(GJJ09310), and the Foundation of the State Key Laboratory of Inorganic 
Synthesis and Preparative Chemistry of Jilin University (2010-16). 
1 Wu Q Y, Sang X G, Shao F, et al. Synthesis and conductivity of un-
decatungstocobaltoindic heteropoly acid. Mater Chem Phys, 2005, 92: 
16–20 
2 Hu C W, Li D F, Wang E B, et al. Supramolecular double hydroxides 
pillared (in Chinese). Chinese Sci Bull, 2001, 46: 359–364 
3 Chen W L, Chen B W, Tan H Q, et al. Ionothermal syntheses of three 
transition-metal-containing polyoxotungstate hybrids exhibiting the 
photocatalytic and electrocatalytic properties. J Solid State Chem, 
2010, 183: 310–321 
4 Tong X, Zhu W M, Wu Q Y, et al. Synthesis and conductivity of 
heptadecatungstovanadodiphosphoric heteropoly acid with Dawson 
structure. J Alloys Compd, 2011, 509: 7768–7772 
5 Qian X Y, He Z Q, Wu Q Y, et al. Synthesis and Conductivity of 
substituted heteropoly acid with Dawson structure H7[Ga(H2O)P2W17-    
O61]·18H2O. Chinese Sci Bull, 2011, 56: 2327–2330 
6 Yu H Q, Peng J, Guan H Y, et al. Electrospinning preparation and 
characterization of polyoxometalate fibers. Chinese Sci Bull, 2006, 
51: 906–910 
7 Liu S X, Li D H, Su Z M, et al. Structural conversion and intramo-
lecular electron transfer in ferrocenylanthraquinones triggered by 
Keggin type of heteropoly acid serving as proton source. Chinese Sci 
Bull, 2004, 49: 552–555 
8 Liu Z, Wu Q Y, Song X L, et al. Solid high-proton conductors based 
on heteropoly acids (in Chinese). Prog Chem, 2009, 21: 982–989  
9 Khenkin A M, Efremenko I, Weiner L, et al. Photochemical reduc-
tion of carbon dioxide catalyzed by ruthenium-substituted polyoxo-
metalate. Chem Eur J, 2010, 16: 1356–1364 
10 Kortz U, Bi L H. Ru-substituted polyoxometalates and process for 
their preparation. US Patent, US7358380, 2008-4-15  
11 Wu Q Y, Chen Q, Cai X Q, et al. Preparation and conductivity of 
solid high-proton conductor silica gel containing 80wt% deca-
tungstodivanadogermanic acid. Mater Lett, 2007, 61: 663–665 
12 Wu Q Y, Xie X F. Preparation and conductivity of ternary undeca-
tungstoferroaluminic heteropoly acid. Mater Sci Eng B, 2002, 96: 29–32 
13 Wu Q Y, Sang X G, Liu B, et al. Synthesis and performance of  
high-proton conductor undecatungstochromindic heteropoly acid. 
Mater Lett, 2005, 59: 123–126  
14 Wu Q Y, Cai X Q, Feng W Q, et al. Thermal stability of ternary tran-
sition metal heteropoly complexes. Thermochim Acta, 2005, 428: 
15–18  
15 Wu Q Y, Zhao S L, Wang J M, et al. Preparation and conductivity of 
tungstovanadogermanic heteropoly acid polyethyoeneglycol(PEG) 
hybrid material. J Solid State Electrochem, 2007, 11: 240–243  
 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 
in any medium, provided the original author(s) and source are credited. 
 
